Recently, phytoextraction, which is the use of plants to extract heavy metals from contaminated soil, has become more attractive because plants are environmentally friendly and less costly than ex situ soil treatments (Brown et al., 1995; Salt et al., 1995; McGrath et al., 2002) . To obtain higher efficiencies in accumulating heavy metals in the shoots of target plants, many chelators such as ethylenediaminetetraacetic acid (EDTA), citric acid, and ethylenediaminedisuccinic acid (EDDS), have been applied to soils during active plant growth to achieve chelator-enhanced phytoextraction (Chen and Cutright, 2001; Turgut et al., 2004; Luo et al., 2005) . The combination of two chelators or chemicals can increase the solubility of metals by lowering the pH of the soil. Blaylock et al. (1997) demonstrated that the application of EDTA and acetic acid led to a two-fold accumulation of Pb in Indian mustard shoots compared with the application of EDTA alone. An MC, comprised of monosodium glutamate waste liquid (MGWL), citric acid, and EDTA at a mole ratio of 1:10:2 has been used for enhancing phytoextraction (Wu et al., 2006 (Wu et al., , 2007 and reduced the dosage of EDTA and its leaching risk of heavy metals to groundwater (Guo et al., 2008) .
Concerning the leaching risks of heavy metals, permeable barriers were tested in pot experiments (Kos and Lestan, 2003) . Wei et al. (2011) showed no adverse impact to leached water with three MC applications and three crops in an acid ferrallisol. The leached Cd and Pb accumulated in the subsoil (40-60 cm) for MC treated soils is indicated by initial subsoil concentrations. The enhancement of deep layer fixation of heavy metals was proposed with addition of lime and Fe 3+ to subsoil . Results suggested that the leaching risk of heavy metals is minimal in the acid ferrallisol regions such as South China. Unfortunately, the addition of chelators in relatively high dosage during the plant growing period decreased plant biomass, possibly due to the phytotoxicity of the chelators (Vassil et al., 1998; Wei et al., 2011) .
Chemical washing with chelators alone at higher concentrations than that used in chelator-enhanced phytoextraction, applied before crop establishment, can be efficacious in removing heavy metals from soils (Tejowulan and Hendershot, 1998) . In the literature, EDTA (sodium ethylenediaminetetraacetic acid, Na2EDTA) is the most frequently cited chelating agent for extracting potentially toxic trace metals from soils because of its strong chelating ability for different heavy metals (Sun et al., 2001; Lestan et al., 2008) . The focus of past research has been on the extractive capabilities and operating variables in soil washing with chelators (Brown and Elliott, 1992; Sun et al., 2001; Zou et al., 2009) . The removal of greater amounts of toxic metals has most often been observed at lower pH levels (Van Benschoten and Matsumoto, 1997) .
In the case of Cd-contaminated soil, CaCl 2 washing was utilized, and the spent washing solution could be treated by on-site pump-and-treat stations using chelating resin columns . Maejima et al. (2007) reported that the Cd concentration in the seeds of soybean plants [Glycine max (L.) Merr.] decreased by up to 25% when grown in soils washed with CaCl 2 , compared with unwashed soils.
For Pb and multi-metal contaminated soil, strong chelators such as EDTA are necessary. However, the more biodegradable chelator, EDDS (S,S-ethylenediaminedisuccinic acid) (Tandy et al., 2004) , is relatively expensive and less effective in the extraction of Pb and Cd (Luo et al., 2005) . The extraction efficiency of heavy metals by EDDS decreases in soil with high Fe-and Al-(hydr) oxides (Komarek et al., 2009) . It is unknown if the reduced mobility and bioavailability of metals in soils treated with chelators is temporary or not. Udovic et al. (2007) reported that EDTA soil leaching removed 58.4% of initial soil Pb and decreased Pb mobility by 83.7% (assessed by the toxicity characteristic leaching procedure, TCLP). However, after the exposure of treated soil to the earthworm species Eisenia fetida, the Pb mobility in their casts increased by 6.2 times, which was equal to the initial level before treatment with EDTA.
In South China there are many Pb and Zn comines, and thus soils contaminated by multi-metals are frequently encountered (Wang et al., 2001) . Chemical washing with EDTA is necessary for efficacious remediation of these soils. However, the potential phytoavailability of toxic metals left in soil after soil washing may not be adequately reduced and, therefore, requires further investigation.
The objectives of this research were to (i) investigate the efficiency of Cd, Pb, Zn, and Cu removal by an MC in a multi-metal contaminated and acid soil, (ii) estimate the bioavailability of heavy metals and the feasibility of agriculture production on the washed soil with and without liming, and (iii) evaluate the potential of S. alfredii for removal of heavy metals from those washed/limed soils.
MATERIAlS AND METHoDS

Soil
The soil samples were collected from the 0-to 20-cm layer within a plot of a paddy located at the Lechang Lead and Zinc Mining Site (25°07¢ N lat; 113°22¢ E long) in the Lechang District in northern Guangdong Province, China. The soil is classified as a Red soil in the group of Udic ferrallisols. Because the surface has been irrigated with the Pb and Zn mining wastewaters for a long time, the soil was contaminated with Cd, Pb, Zn, and Cu. The soil samples were air dried and passed through a 5-mm sieve for pot experiments and a 2-mm or 0.149-mm sieve for physiochemical analysis described under the soil analysis section below. Selected properties of the soil are presented in Table 1 . 
Plants
Two plant species, specifically Z. mays and S. alfredii Hance, the hyperaccumulating ecotype of S. alfredii, were selected for our experiments. Sedum alfredii Hance was obtained from an old Pb and Zn mining area in Zhejiang Province, China. It is a Zn/Cd hyperaccumulator native to China (Yang et al., , 2004 .
Chemicals
The chelator used in our experiments was a MC comprised of citric acid, EDTA, and KCl at a molar ratio of 10:2:3. The citric acid, EDTA, and KCl were of analytical grade. The lime used was analytical grade CaO.
Treatments and experimental design Soil washing
The general experimental design and schedule are shown in Table 2 . The air-dried soil (8 kg) was placed in plastic pots (25 cm i.d. by 21 cm height). A nylon mesh and sand (1 kg) were inserted into the bottom of the pots. Buckets (5 L) were placed under the pots to collect soil leachate. Soil moisture was maintained near field capacity by adding 2.5 L of distilled water. The pots were kept at room temperature for 1 wk to reach steady state conditions before the washing experiment.
Soil washing with MC treatment was applied for the first washing in a 4-L MC solution at 50 mmol L −1 (= 25 mmol kg −1 of soil, equivalent to about 9 Mg ha −1 citric acid and 3 Mg ha −1 EDTA), while 4 L of distilled water was applied to the soil receiving no treatment (control). For facilitating the operation and homogenizing the leaching rate, 1 L of MC solution or water was poured into the pot every hour over a 4-h time period for a single leaching treatment event. Distilled water (4 L) was applied to all soil pots for the second washing. The third washing treatments were the same as the first washing. Two additional washing (fourth and fifth) with distilled water (4 L) were applied to all the soil pots.
The soil washing solution from each treatment was collected each time, and the volume was noted. Washing solution leachate samples were analyzed for Cd, Pb, Cu, and Zn with flame or furnace atomic absorption spectroscopy (Hitachi Z-2300, -2700).
liming and establishment of Z. mays
Lime was applied to the treatments, "lime" and "washing + lime" at the rate of 32 g pot −1 (0.4%) after the fifth washing (Table 2) . On 28 Sept. 2008, 32 g lime was added to each pot and thoroughly mixed with the soil followed by the addition of 2.5 L of water to all pots to equilibrate the limed soil. On 7 Oct. 2008, a basal application of fertilizer was supplied to all treatments with 100 mg of N, 80 mg of P 2 O 5 , and 100 mg of K 2 O per kg soil, in the form of urea and KH 2 PO 4 , and also mixed with the soil. Four seeds of Z. mays were sown directly into the treated soils in each pot. The seedlings were thinned to two per pot at 15 d after sowing. Pot experiments were performed in an openair greenhouse in Guangzhou (sub-tropical zone); therefore, the temperature and light were not controlled and varied with the local climate. The soil moisture content was maintained between 60 and 80% of the water retention capacity of the soil during the growing period. The seeds and shoots of Z. mays were harvested at the mature stage.
After planting Z. mays, two collections of soil leachates were conducted with addition of 4 L distilled water to each pot, respectively, on October 13 and November 26 (Table 2 ). This was conducted to evaluate the mobility of heavy metals in soil after soil washing and/or liming.
Establishment of S. alfredii
After harvest of Z. mays, the soils samples were air-dried and sieved to <2 mm. Sixteen plastic pots were filled with 1 kg of soil, followed by addition of 100 mg of N, 80 mg of P 2 O 5 and 100 mg of K 2 O per kg soil in the form of urea and KH 2 PO 4 . Three healthy and equal-sized S. alfredii plants were established in each pot on 1 Nov. 2009 and harvested on 26 Feb. 2010. Soil moisture content was maintained at approximately 60 to 70% of the water-holding capacity throughout the growing period.
Soil Analysis
The total concentrations of the heavy metals in the soils were determined using atomic absorption spectrometry (Hitachi Z-2300) after digestion with HF-HNO 3 -HClO 4 (Lu, 2000) . These three acids were guaranteed reagent (G.R.) grade and concentrated (16, 12, and 20.6 M for HNO 3 , HCl, and HF, respectively). Soil pH was measured with a soil/water ratio of 1:2.5 using a pH meter. Soil total N, P, K, Fe-oxides, cation exchange capacity (CEC), particle size, and field capacity water content were measured using methods described in Lu (2000) . Soil minerals were determined by X-ray powder diffraction operating at 40 kV and 30 mA and using a Cu Kα radiation (λ = 0.15418 nm) (Graham, 1999) . For determining EDTA in soil, an appropriate amount of soil (0.5 g) was treated with 20 mL of 0.002 M phosphate solution (NaH 2 PO 4 ) in an ultrasonic bath for 10 min (Nowack et al., 1996a) . The soil suspensions were separated by centrifugation at 3500 rpm for 15 min and filtered through 0.22-μm cellulose nitrate filters. Analysis of EDTA was performed by high performance liquid chromatography (HPLC). All EDTA species were transformed to Fe(III)-EDTA with Fe(NO 3 ) 3 at pH 3.3. The complex is separated with tetrabutylammonium bromide as counterion on a Gemini 250-4 C18 column (Phenomenex) with formate buffer as the mobile phase (pH 3.3, 8% acetonitrile) and is detected by UV at 258 nm (Nowack et al., 1996a) .
Plant Analysis
All plant tissues were cleaned with tap water and distilled water. The plant tissues were dried at 65°C for 76 h to obtain the dry weights. The oven-dried materials were finely ground in an agate mill. The plant samples were incinerated smokeless on a hotplate and destroyed in a muffle furnace at 550°C for 5.5 h. The dry ash was then dissolved in 2 mL of 1:1 (v/v) concentrated HCl and adjusted to a final volume of 25 mL for the total metal analysis. The concentrations of Zn, Cd, and Pb in the solutions were determined with flame or furnace atomic absorption spectroscopy (Hitachi Z-2300, -2700). The plant metals analysis was conducted according to Chinese standard methods (CAPM, 1998) .
Sequential Extractions of Heavy Metals in Soil
The metal speciation analysis was conducted on the initial soil sample before any treatment, the samples after Z. mays harvest (before S. alfredii), and then after S. alfredii harvest. The Cd, Pb, Zn, and Cu speciation in the soil was performed using sequential extraction based on Tessier et al. (1979) . This method partitions the heavy metals into five operationally defined chemical fractions: extractable and exchangeable, carbonate bound, iron and manganese oxides bound, organic matter bound, and residual. The exchangeable fraction was determined through extraction (1 g soil) with 8 mL of 1 M MgCl 2 at pH 7.0 for 1 h. The carbonate-associated fraction was determined after extraction with 8 mL of 1 M NaOAc adjusted to pH 5.0 with acetic acid (HOAc) for 5 h. The Fe-Mn oxides fraction was determined after extraction with 20 mL of 0.04 M NH 2 OH·HCl in 25% (v/v) acetic acid for 6 h at 96 ± 3°C. The organic fraction was determined after extraction with 3 mL of 0.02 M HNO 3 and 5 mL of 30% H 2 O 2 (pH 2.0) for 2 h at 85 ± 2°C, followed by 3 mL of 30% (v/v) H 2 O 2 (pH 2.0) for 3 h at 85 ± 2°C and then 5 mL of 3.2 M NH 4 OAc in 20% (v/v) HNO 3 diluted to 20 mL at room temperature for 0.5 h. The residual fraction was digested with a HNO 3 -HF-HClO 4 mixture according to Lu (2000) .
Statistical Analysis
The statistical analysis was performed with SAS Proprietary Software Release 8.1 (SAS Institute Inc., Cary, NC, USA) (Hong and Hou, 2004 ). Duncan's multiple range test was used to determine the statistical significance (a = 0.05) between treatments.
RESUlTS AND DISCUSSIoN
Heavy Metals Washed from the Soil
Washing with MC removed significant amounts of the heavy metals from the soil (Table 3) . About 14, 3.8, 2, and 1.6% of the initial total Cd, Zn, Pb, and Cu in the contaminated soil was leached out by MC before planting Z. mays, which were 2.3-, 2.2-, 26.3-, and 17.5-fold higher, respectively, compared to the control. Cadmium removal by water (6.1%) or by MC washing was the highest of the selected metals based on the total metal initially present in the soil, and it indicated that Cd was the most mobile. A similar observation with spiked soil samples was made by Chen et al. (2004) .
Heavy Metal Mobility and Phytoavailability after Washing and/or liming
Lime treatment alone (i.e., without MC washing) tended to result in the least amount of metals leached during Z. mays growth (Table 3) , highlighting the influence of the lime treatment on the reduction in soluble metal concentration or in metal mobility. In contrast, the amounts of Cd, Zn, Pb, and Cu in leachate were significantly increased, by 5.5-, 1.9-, 74-, and 9.1-fold, respectively, with the addition of lime after MC washing, compared with the MC washing alone. By washing the soil with chelators, the newly formed metal-ligand complex may be adsorbed by the mineral surface in such a way where the ligand forms a bridge between the mineral surface and the metal cation (Nowack, 2002) . The reaction can be described by:
where ºXOH represents a surface site on a variably charged mineral such as an iron oxide; L (ligand) is the added chelating agent; ML n− is the metal chelate complex. The adsorption can decrease with an increasing pH due to competition with hydroxide ions (Nowack et al., 1996b) . In our case, the soil is relatively high in Fe oxides (15.4 g kg −1 ) (Table 1) . When the lime was added to the soil after washing with MC, the soil pH increased from 4.47 to 6.02 (Table 4) , which enables increased OH − promoted ligand exchange of the sorbed negatively charged complex ML n− . Similarly, Naidu and Harter (1998) suggested that at pH > 5.5, Cd is released into soil solution only as metal-organic complexes among soils treated with maleate, fumarate, succinate, tartrate, malonate, oxalate, and salicylate.
The same phenomenon is often observed in organic carbon-Cu complexes that increase in solubility with increase in pH (Zhou and Wong, 2001; You and Allen, 1999) . This explains why the amounts of heavy metals in leachate were significantly increased with the washing + lime treatment compared to washing with MC alone (Table 3) . Some of these released metals were complexed and leached with EDTA as verified by the analysis of EDTA residue in the soil. Residual EDTA that remained in the soil was 0.344 (±0.021) mmol kg −1 for the washing + lime treatment, significantly lower than the washing only treatment (0.812 ± 0.020 mmol kg −1 ). Citric acid was not taken into account because it is biodegradable and in 20 d 70% of this acid was degraded in soil (Wen et al., 2009) . Concerning the concentrations of Cd, Zn, Pb, and Cu in the grain of Z. mays (Table 5) , the lime alone treatment significantly decreased the concentrations of Pb and Zn in the grain of Z. mays by 52.2 and 27.1%, respectively, compared with the control (Table 5 ). However, it was not significant for Cd and Cu. Washing alone increased the concentrations of Cd, Zn, and Cu in the grain of Z. mays likely because the solubility of metals in the soil were increased with the residual MC. The washing + lime treatment significantly decreased Zn in grain compared to the washing only treatment, but not for Cd, Pb, and Cu.
According to the Tolerance Limit of Heavy Metals for food of China, the Cd and Pb concentrations in the grains of Z. mays among all treatments were higher than what is allowable. This indicated that agricultural production on the contaminated soil using Z. mays is not feasible with washing (MC) and/or fixation (lime) directly.
The concentrations of Cd, Zn, Pb, and Cu in the shoots of Z. mays were affected by different treatments and the changes were rather similar to that observed for grain (Table 4 ). The concentrations of Cd, Zn, Pb, and Cu in the shoots of Z. mays were the lowest with the lime treatment, but even with lime treatment the concentrations of Cd and Pb were still higher than 
Phytoextraction Efficiency
The yields of the metal phytoextracting plant, S. alfredi, were about 5.80 g pot −1 under different treatments. There were no differences among the treatments (data not shown). Previous studies have reported that application of EDTA before harvesting had significant inhibitory effects on the growth of S. alfredii (Liu et al., 2008; Sun et al., 2009) , corn, soybean plants (Luo et al., 2005) , and Helianthus annuus L. (Chen and Cutright 2001) . However, in this study we planted the Z. mays and the S. alfredii after washing the soil with MC. There was no phytotoxicity to Z. mays or S. alfredii caused by MC.
The concentrations of Cd, Zn, and Pb in S. alfredii were significantly reduced with the lime treatment and washing + lime treatment when compared with the control (Fig. 1) . However, the concentrations of Cd, Zn, Pb, and Cu in S. alfredii with the washing treatment were higher than those with the control treatment. The increase (relative to control) in Cd, Zn, Pb, and Cu uptake with MC washing treatment was approximately 42.8, 51.2, 7.3, and 25.8%, respectively.
S. alfredii has been reported to be a Zn/Cd hyperaccumulator and also proved to be a Pbaccumulating species (He et al., 2002) . In this study, the Cd, Pb, and Zn concentrations in S. alfredii ranged from 22.2 to 101.7, 11.1 to 180.3, and 3732 to 14593 mg kg −1 DW, respectively (Fig. 1) .
The phytoextraction efficiency of the plant depends on the metal concentrations in the above ground biomass and the biomass yield of the plant (Komarek et al., 2008; Sun et al., 2009) . To evaluate the efficiency of the phytoextraction process by S. alfredii after soil washing with MC, the removal rate was calculated as follows:
where M plant is the concentration of the metal in the plant's dry biomass (mg kg −1 ), W plant is the plant's dry weight biomass yield in a pot (kg), M soil is the total concentration of the metal in the soil (mg kg −1 ) and W soil is the amount of soil in the pot (kg). The removal rate, therefore, reflects the amount of metals extracted by the plants from the soil. Among all treatments, the removal rate values of heavy metals arranged in decreasing order were: Cd > Zn > Cu > Pb (Table 6) . Similar results were obtained by Wu et al. (2007) and Sun et al. (2009) . The measured Pb removal rate values were low in all treatments likely due to the relatively low Pb concentration in the plant compared with the high total concentration of Pb in the soil. In addition, the Cu removal rate values were also low; all treatments showed similar results because S. alfredii is not a Cu-accumulating plant (Cu concentrations were 10.0~14.9 mg kg −1 ).
The highest removal rate for Cd (47.8%), Zn (9.82%), Pb (0.105%), and Cu (0.173%) were obtained with the MC washing treatment (Table 6 ). The observed significant enhancement of Cd phytoextraction by MC washing compared with the control agrees with previous studies where MC was added during the plant growth (Wu et al., 2007; Guo et al., 2008; Sun et al., 2009) . In this study, however, the residual effect of MC on the phytoextraction of heavy metals by S. alfredii was observed even 13 mo after soil washing with MC. Indeed, MC contains EDTA, EDTA, and its complexes with metals are poorly biodegradable in soil environments, and they can persist in soil for several months after application (Bucheli-Witschel and Egli, 2001; Nowack et al., 2006) . Lombi et al. (2001) reported that EDTA-metal complexes were still present in the soil pore water for 5 mo after an EDTA application.
The Cd balance was calculated from the total soil Cd and the Cd uptake by S. alfredii (Table 7) . The soil Cd recovery after phytoextraction exceeded 96.8%. This result indicates that the Cd reduction in soil was from uptake by S. alfredii rather than leaching by water. Murakami et al. (2008) reported similar results. Figure 2 shows the proportions of Cd, Zn, Pb, and Cu in five different fractions after growing Z. mays and after phytoextraction by S. alfredii. The five-step sequential extractions recovered 77 to 107% of the total Zn, Cd, Cu, and Pb, with a mean value of 93%. The five fractions differed greatly between the heavy metals. The exchangeable fraction of the heavy metals decreased in the order of Cd > Pb > Zn > Cu based on the percentage of this fraction relative to total metal content in the soil.
Changes in the Forms of Heavy Metals in the Soil
Before establishment of S. alfredii, soils were leached by MC and water, limed, and treated with a Z. mays crop. Since the Z. mays extracted only a small percentage of heavy metals from soil (based on the data in Table 5 <1.13% for Cd, <0.74% for Zn, <0.02% for Pb, and <0.19% for Cu), changes in exchangeable metals were not appreciably different for the control compared to the initial soil, in particular for Zn and Cu. However, liming the soil decreased exchangeable Cd, Pb, and Zn. This is mostly due to the increase in the soil pH (Table 5) , which typically decreases soil exchangeable metals concentrations Madejon et al., 2006) . The carbonate-associated and FeMn oxide fractions of Cd, Pb, and Zn were appreciably increased with the lime treatment, compared with the control. However, there were no obvious differences between the treatments for the organic and residual fractions of Cd, Pb, and Zn. Copper was rather peculiar; the proportions of exchangeable and carbonateassociated Cu were small and the major portion was presented in the residual fraction. The speciation was not sensitive to the liming and washing treatments. The washing + lime treatment was higher than the lime-alone treatment after Z. mays for all exchangeable heavy metals; this suggests that the washing + lime treatment is not suitable for acid ferrallisols in reducing metal availability. After S. alfredii, the exchangeable fractions of Cd and Zn were significantly decreased in the control and washed soils compared with the values after Z. mays. The results indicate that S. alfredii mainly depress the exchangeable fraction of Cd and Zn as indicated by the fractionation scheme. For Pb and Cu, there was no decrease in the exchangeable fraction with S. alfredii phytoextraction because the plant removed very little Pb and Cu.
Implications
In this study, only 14, 3.8, 2, and 1.6% of the initial total soil Cd, Zn, Pb, and Cu, respectively, in the contaminated soil were washed out by MC, which is less than previously reported (Sun et al., 2001; Lim et al., 2004) . This might be due to the lower solution to soil ratio adopted in this study (2:1), compared with other researches who employed a 5:1 ratio or greater. Second, strongly acidic soils can cause protonation of EDTA and weaken its extracting ability (Xia et al., 2009 ). This suggests that washing or in situ flushing with organic chelators may not be suitable for acidic soil, may causes less contamination risk of chelators for underground water, and leave more available metals in the soil for subsequent crops. Chemical washing of acid soils with chelators requires that additional measures be taken following washing (e.g., phytoextraction) to remove excess bioavailable metals.
The phytoextraction rate values for Cd and Zn obtained by this study were higher than those reported by other studies (Wu et al., 2006 (Wu et al., , 2007 Sun et al., 2009 ). This might be due to the high initial soil exchangeable Cd concentrations (Fig. 2) and the higher biomass production of S. alfredii in our study. Dickinson et al. (2009) suggested that phytoextraction was not feasible with the present state of the science. However, in this study, the removal rates for Cd and Zn were 34.6 and 9.05%, respectively, by S. alfredii from the untreated soil. Jiang et al. (2010) also reported that about 26.6% of the total soil Cd (19.9 mg kg −1 ) and 2.4% of total soil Zn were removed by Noccaea caerulescens ( J. Presl & C. Presl) F.K. Mey. Based on the results of the current studies, phytoextraction by S. alfredii or N. caerulescens is suitable for remediation of Cd-contaminated soils. Furthermore, washing + phytoextraction may be a good combination for acid multimetal contaminated soils, compared to only washing or chelateenhanced phytoextraction (i.e., chelators applied to an actively growing plant), providing that the leaching of heavy metals to groundwater was limited and the phytotoxicity of chelators to the hyperaccumulating plant was decreased. Lime should be applied only after phytoextraction with a hyper-accumulating plant because liming decreases phytoextraction.
The recommended treatment scheme is as follows: washing with MC or other appropriate washing solutions, repeated phytoextraction with S. alfredi, and then addition of lime. It would require only two crops to remove Cd, but 10, 100, and 83 for Zn, Pb, and Cu, respectively. It is not reasonable to carry out more than 80 crops for Cu and Pb, therefore a more efficient washing solution is necessary for these metals. Chemical washing and the washing solution treatment are discussed in the introduction and were tested at field scale in Japan . Chemical washing is expensive due to the cost of the washing agents, and especially the pump-and-treat treatment of the generated metal-enriched soil solution. Therefore, we recommend further research on washing surface soil metals into the subsurface for potential immobilization at that depth.
The subsequent phytoextraction with S. alfredii and liming are currently being conducted in field experiments (Wu et al., 2007; Guo et al., 2011) . However, before scaling-up this scheme to an even larger scale, Z. mays planting is needed for verifying the real decrease of metal phytoavailability in the washed and phytoextracted soil. The effectiveness of liming after washing + phyoextraction is also to be tested in field experiments.
CoNClUSIoNS
The main conclusions derived from this study include the following:
1. The efficiency of chemical washing with chelators for removal of heavy metals was not satisfactory for the acid ferrallisol examined in this study. Heavy metal availability was still high after chemical washing and lime treatment as indicated by corn grain metal concentrations that exceeded national standards.
2. The release of heavy metals into the soil solution among MC-washed soil was significantly increased with the addition of lime. This was due to the fact that the newly formed metal-chelates remained in the soil after washing; subsequent liming then promoted the release of these negatively charged metal complexes due to competition for sorption sites with hydroxide.
